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Magnetoelectric resonance behavior of a simple, bilayered structure of PbZr,TiO3 ceramic chip
and Tb,DyFe2/epoxy mixture layer is investigated. Our results show that there occur three kinds
of resonance, which are attributed to the first-order flexural, second-order flexural, and radial
resonance modes, respectively. The measured phase spectra show a significant phase change around
each resonance frequency. The thinner PZT chip is benefit for higher flexural resonance
magnetoelectric effect. The magnetoelectric effects measured under open and short electric
boundary conditions show different behaviors. This simple bilayered structure exhibits a large
charge output of about 300 pC/Oe at the resonance frequency. © 2007 American Institute of
Physics. DOI: 10.1063/1.2653524
I. INTRODUCTION
Recently, multiferroic materials of ferroelectric-
ferromagnetic coexistence have received many interests.1
More than the basic coexistence of each ferroic property,
coupling effect between ferroelectric and ferromagnetic or-
ders, such as magnetoelectric effect and magnetodielectric
effect, attracts more and more attention for their potential
applications in sensors, actuators, and multifunctional
devices.2 Magnetoelectric ME effect is characterized as an
electric polarization induced by applying a magnetic field
MEH or a magnetization induced by applying an electric
field MEE. Different from the magnetoresistance MR ef-
fect, which is another important magnetic-electric coupling
effect, ME effect induces a change of electric polarization on
applied magnetic field, instead of a change of electric cur-
rent. Since ME effect was observed in Cr2O3 in 1961,
3 many
single-phase ME compounds have been reported.4 However,
ME effect in most of these single-phase compounds was ob-
served only at very low temperature. Alternatively, a large
room-temperature ME effect has been observed in multifer-
roic composites. This ME effect is extrinsic,5 derived from
magnetic-mechanical-electric coupling between magnetic
phase and piezoelectric phase. That is, when a magnetic field
is applied on the composites, the magnetic phase changes its
shape magnetostrictively, and then the strain transfers to the
piezoelectric phase by mechanical coupling, inducing an
electric polarization. By changing the composite composition
and structure, it is more flexible to tune the ME effect in the
ME composites than in the ME compounds.
Among the ME composites studied so far, the compos-
ites containing Tb,DyFe2 Terfenol-D, a giant magneto-
strictive alloy, have been found to exhibit a very large ME
effect,6,7 especially for the laminated composites of
Terfenol-D and PbZr,TiO3 PZT-based ceramics. For the
laminated Terfenol-D/PZT composites, the thinner the PZT
layer is, the higher the ME voltage coefficient dE /dH.8 How-
ever, Terfenol-D is too brittle and easily oxidized, and has
large eddy-current loss at high frequency. In order to over-
come these shortcomings of the pure Terfenol-D plate we use
a simple Terfenol-D/polymer particulate composite to re-
place the brittle Terfenol-D plate and obtain a simple bilay-
ered composite of PZT and Terfenol-D/polymer.
At resonance frequencies, the ME effect of the compos-
ites is often much larger than that at nonresonance frequen-
cies because of significantly enhanced energy coupling,
which means high ME sensitivity for sensors, high power for
transducers, and large displacement for actuators. Some reso-
nance modes such as longitudinal, transverse, and radial
resonance modes were observed in the ME composites.9
Meanwhile, bilayered disks with piezoelectric ceramic and
metal chips have been widely used for transducers such as
piezoelectric ceramic buzzer and ultrasonic wave generator10
working in a flexural resonance mode. In our bilayered disk
consisting of PZT ceramic chip and Terfenol-D/epoxy TE
layer, we observe three resonance modes including the first-
order flexural mode, second-order flexural mode, and radial
mode. By increasing the relative thickness ratio of the
Terfenol-D/epoxy layer, a significant enhancement in the ME
effect at flexural resonance modes is obtained, which is of
importance for resonance ME devices from such composites.
II. EXPERIMENT
The bilayered disk was prepared by bonding the PZT
ceramic chip with Terfenol-D/epoxy disk. The PZT disk
chips were first electroded and polarized in silicon oil at
70 °C under a poling field of 2 kV/mm. The piezoelectric
constant was measured by using standard d33 meter. The d33
of the PZT ceramic chips is about 350 pC/N. Terfenol-D
powder with an average particle size of about 50 m was
mixed with low viscosity epoxy to get Terfenol-D/epoxy
mixture. Then the PZT chip was put into a mould and
Terfenol-D/epoxy mixture was poured into the mould. The
epoxy hardened at room temperature to get the sample Fig.aElectronic mail: cwnan@tsinghua.edu.cn
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1. The diameter and total thickness of the samples are about
13.2 and 2 mm, respectively. The volume fraction of
Terfenol-D particles in the TE layer was about 0.25.
To measure the electrical properties, we connected two
thin wires to the electrodes of PZT as the output terminates
Fig. 1. Using HP 4194 impedance analyzer, we got the
impedance spectra of the bilayered structure. The ME effect
measurement was performed as introduced in our previous
work.11 Under a mechanical free boundary condition, we per-
formed two different kinds of ME measurements. One was to
measure the ME voltage output in an open circuit condition
by an oscilloscope. The other was to measure the ME charge
output by a charge amplifier. Because the effective input im-
pedance of the charge amplifier was very small, the sample
was in the short circuit condition. To ensure a continuous
electrical output, the applied magnetic field was a large static
magnetic field Hbias generated by an electric magnet, super-
posing a small alternating magnetic field Hac generated by a
Helmholtz coil. The magnetic fields were applied along the
polarized direction, as shown in Fig. 1.
To investigate the phase information of the ME signal,
we used the current of the driven coil as the reference, which
was equal to the voltage of a small resistance of 1  con-
nected in series with the driven coil. We simultaneously got
the ME signal and the current. Then by using simple process-
ing, we calculated the phase offset between the ME signal
and the current. The current of the driven coil was suitable
for reference, because it was stable in each measurement
when we used the same coil.
III. RESULTS AND DISCUSSION
In the electrical impedance spectra of the bilayered com-
posites Fig. 2, three resonance modes are observed for each
sample in the test frequency range. From low to high fre-
quencies, these modes are the first-order flexural resonance
mode, the second-order flexural resonance mode, and radial
resonance mode, respectively. As seen in Fig. 2, the radial
resonance at each sample has sharper peaks than other two
flexural resonance peaks. The radial resonance mode is
dominant because the PZT layer is more rigid than the TE
layer. With increasing thickness ratio tTE/L i.e., the PZT
layer becoming thinner, the radial resonance mode becomes
weaker, while other two flexural resonances become stronger
for the composite due to more flexible chip. And there occurs
an obvious redshift in the resonance frequencies, especially
for the second-order flexural resonance and radial resonance
Fig. 2.
Accordingly, a redshift of the resonance frequency is
also observed in the magnetoelectric spectra, as shown in
Fig. 3. The resonance frequencies of the ME effect are in
agreement with those in the electrical impedance spectra see
Fig. 2. In each sample, the radial resonance is the strongest
among the three resonance modes, and the ME coefficient at
the radial resonance mode is highest accordingly Fig. 3.
For illustration, Fig. 4 shows the resonance frequencies and
ME coefficients as a function of the thickness ratio tTE/L.
For the first-order flexural resonance mode Fig. 4a, the
resonance frequency is about 35.5 kHz for these samples
with a variation less than 3%, while the resonance ME coef-
ficient gradually increases with increasing thickness ratio
tTE/L. For the second-order flexural resonance mode shown
in Fig. 4b, the resonance frequency decreases with increas-
ing tTE/L and the ME voltage coefficient increases signifi-
cantly when tTE/L0.75. That is to say that for flexural
modes, the thinner PZT chip is, the higher ME coefficients
are, resulting from the more flexible bilayered composite.
The radial resonance also shifts toward low frequency with
increasing tTE/L, as shown in Fig. 4c, while the ME coef-
ficient decreases when the thickness ratio tTE/L increases.
This can be attributed to the weaker effective piezoelectric
effect of the composites when the PZT chip is thinner, which
is in agreement with the electrical impedance spectra as dis-
cussed above.
Figure 5 illustrates typical ME spectra including not only
amplitude but also phase. As shown in Fig. 5a, under the
short electric circuit condition, there are also three resonance
peaks for the charge signal output accompanying significant
phase variation around each resonance frequency. A large
charge output of about 300 pC/Oe is observed at the first
flexural resonance mode when Hbias=3 kOe. Under the open
FIG. 1. Schematic illustration of the bilayered structure of PZT ceramic chip
and Terfenol-D/epoxy mixture layer.
FIG. 2. The impedance spectra of the bilayered composites with various
relative thickness ratios tTE/L.
FIG. 3. The ME coefficient spectra of the bilayered composites with various
thickness ratios. The inset is the enlarged part of the peaks around 35 kHz.
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circuit condition Fig. 5b, the ME resonance behavior is
quite similar to that under the short circuit condition Fig.
5a, except that the strongest resonance mode is different
because the apparatuses used under these two output condi-
tions are different. For the phase of ME coefficient, the slow
decrease under the short electric circuit condition in Fig. 5a
is induced by the intrinsic frequency response of the ampli-
fier, not by the ME composite itself. Except that, the phase
variation tendency is almost the same. As well known, a
reverse of a sine signal is equivalent to the case that its phase
changes by 180°. Around the resonance frequencies, we ob-
serve about 180°, 90°, and 180° phase changes, respectively,
at the first-order flexural resonance mode, the second-order
flexural resonance mode, and the radial resonance mode see
Fig. 5, which means that the ME signal can be reversed
around the resonance frequency. For the ME device design,
the phase information around the resonance frequency is
very important, especially when some ME elements are con-
nected together.12
Finally, using a lock-in amplifier, we performed a low
magnetic field measurement under an unshielded ambient en-
vironment at room temperature. Figure 6 shows typical re-
sults of the induced ME voltage as a function of Hac of this
bilayered composite at the radial resonance mode. The volt-
age increases linearly with increasing Hac. The inset of Fig. 6
illustrates the sensitivity of this bilayered composite, which
is as small as 910−10 T. Compared with other magnetic
sensor techniques, such as superconducting quantum inter-
ference device SQUID and giant magnetoresistance
FIG. 4. The thickness ratio dependence of the resonance frequencies and
ME coefficients at a the first-order flexural resonance mode, b the
second-order flexural resonance mode, and c the radial resonance mode.
FIG. 5. The ME response and phase spectra of the bilayered composite with
tTE/L=0.925, measured under a a short circuit condition charge output
and b an open circuit condition voltage output.
FIG. 6. Induced ME voltages for the bilayered composite at the radial reso-
nance frequency as a function of ac magnetic field. The inset is the sensi-
tivity to a small variation in Hac.
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GMR, this ME composite is passive and quite easily pre-
pared. In addition, this bilayered composite with thin PZT
chip has high capacitance e.g., 7 nF for tTE/L=0.925,
which makes it possible for large bandwidth at low-
frequency magnetic sensor.13
IV. CONCLUSIONS
The simple bilayered composite containing thin PZT ce-
ramic chip and Terfenol-D/epoxy layer has large capacitance
and large ME charge output. Three resonance modes includ-
ing the first-order flexural mode, second-order flexural mode,
and radial mode have been observed. With increasing thick-
ness ratio tTE/L, the first and second order flexural resonance
modes become stronger, resulting in enhanced ME response,
while the radial resonance mode becomes weaker. Signifi-
cant phase change has been observed at each resonance fre-
quency. This bilayered composite with high magnetic field
sensitivity and easy preparation has potential applications in
magnetic field sensors.
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